Most quantum-error correcting codes assume that the decoherence of each physical qubit is independent of the decoherence of any other physical qubit. We can test the validity of this assumption in an experimental setup where a microwave feedline couples to multiple qubits by examining correlations between the qubits. Here, we investigate the correlations between fluxonium qubits located in a single waveguide. Despite being in a wide-bandwidth electromagnetic environment, the qubits have measured relaxation times in excess of 100 µs. We use cascaded Josephson parametric amplifiers to measure the quantum jumps of two fluxonium qubits simultaneously. No correlations are observed between the relaxation times of the two fluxonium qubits, which indicates that the sources of relaxation are local to each qubit in our setup. Our correlation analysis can be generalized to different types of qubits and our architecture can easily be scaled to monitor larger numbers of qubits.
I. INTRODUCTION
Quantum hardware, which depends on superpositions of fragile quantum states, is much more susceptible to errors than classical hardware. In principle, however, by using quantum error correction, one can still reliably perform arbitrarily long quantum computations with faulty hardware provided that the error rate of the hardware is sufficiently small [1] . The criteria for sufficiently small depends strongly on the type of noise coupled to the quantum hardware. If one assumes that the noise couples to each qubit independently, i.e. the error in each qubit is independent of the errors in all other qubits, then it was theoretically proven that arbitrarily long quantum computations could be performed with qubits that have error probabilities less than 10 −5 [2] . Standard error-correcting codes, however, offer poor protection against correlated errors. For quantum hardware with two-qubit correlations that decay algebraically with distance between the qubits, the error probability must be less than 10 −10 when standard quantum errorcorrecting codes are used [3] . For hardware with correlated errors, one should use alternative methods such as dynamical decoupling or decoherence-free subspaces with quantum error-correcting codes in order to accurately perform arbitrarily long quantum computations [4] [5] [6] . Hence, to properly perform quantum error correction, one must understand the correlations present in any proposed physical implementation of a quantum computer.
Superconducting circuits have emerged as a promising platform for building quantum computers. Qubits based on superconducting circuits currently achieve coherence times on the order of 100 µs with a typical gate time of 10 ns, which, assuming that the gate fidelities are limited by coherence times, is an error probability per qubit of 10 −4 [7, 8] . Quantum error-correcting codes have been demonstrated with small numbers of superconducting circuits [9] [10] [11] [12] . As these systems begin to scale up and approach thresholds required for error correction, it is vital to determine if there are correlated error channels in superconducting qubits. Previous mea-surements of multiple superconducting qubits have focused on crosstalk between qubits during gate operation and readout [13] [14] [15] .
Here, we present the first real-time measurements of correlations between the relaxation rates of two superconducting qubits. Our experiment is based on using a novel low-loss waveguide for multiplexed readout of fluxonium qubits [16] . Fluxonium qubits dispersively coupled to on-chip resonators have recently been demonstrated to have long relaxation times [17, 18] and can be easily incorporated into a multiplexed readout setup. We monitored the quantum jumps of each qubit simultaneously and examined temporal correlations between the relaxation rates of the fluxonium qubits. The observation of correlations would be indicative of the two qubits coupling to a changing common environment, which can be caused by a fluctuating density of background quasiparticles [17, 18] or stray electromagnetic fields. We found no correlations between the relaxation rates of the qubits up to the detection efficiency of our measurement setup. We conclude that the sources of relaxation in the qubits are local and discuss prospects for extending this measurement to larger numbers of qubits and finer resolution of correlations.
II. WAVEGUIDE IMPLEMENTATION
A WR-102 (with transverse inner dimensions of 1.020 in by 0.510 in) waveguide served as a low-loss widebandwidth electromagnetic environment for frequency multiplexed readout as shown in Fig. 1(a) .
The waveguide was made with oxygen-free high-conductivity (OFHC) copper. Input signals from coaxial cables were coupled into the waveguide via OFHC 50Ω impedancematched adapters. The insertion loss and bandwidth of the waveguide were adjusted with aluminum tuning screws. An indium seal ensured continuous electrical connection between the two ends of the waveguide. At room temperature, the waveguide had an insertion loss of −0.3 dB over a 6 − 8 GHz band.
Dipole antennae directly coupled to the lowest-order propagating electromagnetic mode of the waveguide were used to readout the fluxonium devices. The antennae were LC oscillators where the inductance was provided by Josephson junctions and the capacitance was provided by the long metal electrodes, as shown in Fig. 1(b) . The junctions were fabricated with Al/AlOx/Al using the bridge-free double-angle evaporation technique [19] . Superconducting quantum interference devices served as tunable inductances to adjust the resonant frequencies of the antennae [20] . The zero-field inductance of the antenna coupled to device A (B) was 22 nH (20 nH). Shared Josephson junctions inductively coupled each readout antenna to a fluxonium device. The shared inductance between the antennae and the fluxonium devices was the same for both devices -8.35 nH.
Each fluxonium device was composed of a small Josephson junction, which provides nonlinearity, in parallel with an array of 131 larger junctions as shown in Fig.  1 (c). Each array had an inductance of 455 nH and served as the superinductance for each device. Both the devices and the antennae were fabricated on sapphire chips. The chips were placed in the waveguide a quarter-wavelength away from a copper wall, which situates them at an electric field antinode. An input pin located 3 mm away from the chips coupled qubit drive tones to the two devices when the ground-excited state transition frequency of the devices was below the lower cutoff frequency of the waveguide.
The waveguide was housed in an aluminum shield coated with infrared-absorbing material to protect against infrared radiation and offset magnetic fields. A µ−metal shield enclosing the aluminum shield further screened stray magnetic fields [21] . The waveguide and shields were thermalized to the mixing chamber plate of a dilution refrigerator with a base temperature of ∼ 20 mK.
The phase of the reflected signal from the waveguide is shown in Fig. 1(d) . We observed resonances associated with the readout antennae for device A and device B. The readout antenna for device A (B) has a resonant frequency of 7.430 GHz (7.979 GHZ) and a linewidth of κ/2π = 10 MHz (14 MHz). 
III. DEVICE CHARACTERIZATION
Standard dispersive readout [22] was used to measure the devices via microwave drives their respective readout antennae. We performed a two-tone spectroscopy experiment at different applied external magnetic flux (Φ ext ) points as shown in Fig. 2(a) . The samples were biased via a large magnetic field coil wound around the waveguide that encircles both devices. We observed transitions between the ground and the excited states for both devices. Numerical diagonalization of the fluxonium Hamiltonian [23] was used to fit the spectroscopic data shown with circles in Fig. 2(a) . The fit parameters used to obtain the theoretical curves (solid lines in Fig. 2(a) ) are indicated.
We confirmed the microwave hygiene of the electromagnetic environment by measuring the coherence times of the ground-excited state transition for device A and device B at Φ ext = 0.5Φ 0 . We refer to the ground and excited states of device A (B) as qubit A (B). Here, the qubit transition frequency for device A and device B were 565 MHz and 579 MHz, respectively. We performed standard time-domain measurements of the relaxation time (T 1 ) and Ramsey dephasing time (T 2R ). The measured T 1 's for both qubits were in excess of 100 µs as shown in Fig. 2(b) . The measured T 2R 's for qubit A and qubit B were 25 µs and 13 µs, respectively. The addition of an echo pulse into the standard Ramsey sequence did not extend the coherence times of the qubits, indicating that the coherence times of the two qubits are limited by noise characterized by time scales faster than several microseconds.
IV. SIMULTANEOUS MEASUREMENTS
We demonstrate simultaneous monitoring of the fluxonium qubits with the following measurement setup. The output of the waveguide was fed into circulators, which then routed the output signals to two cascaded JPC quantum-limited amplifiers. The JPCs were tuned to provide a gain of 20 dB at 7.430 GHz and 7.979 GHz with bandwidths of 6 MHz and 5 MHz, respectively. Signals amplified in reflection by the JPCs were fed via circulators into a high electron-mobility transistor amplifier at 4 K. The amplified signals were then split at room temperature and demodulated at 50 MHz for device A and 25 MHz for device B using two heterodyne interferometer setups. A schematic of the full measurement setup is shown in Fig. 3(a) . Figure 3(b) shows the simultaneously measured I and Q quadratures of the two fluxonium qubits in equilibrium with their environment measured at Φ ext ≈ 0.5Φ 0 [24] . The optimal measurement fidelity was achieved with a readout power corresponding ton = 1 photon occupation of the readout resonator. Larger photon numbers resulted in faster measurements but also saturated the output of the JPCs as well as decreased the lifetimes of the two fluxonium qubits. This last effect has also been observed in transmons [25, 26] . We attained a readout fidelity of 95% for each measurement with 5 µs of integration time. The total number of counts in each histogram is 80,000.
We observed the evolution of the I quadratures of the two fluxonium qubits simultaneously, as shown in grey in Fig. 3(c) . An estimate of the qubit state was determined using a two-point filter, similar to that used in Ref. [18] . The filter declared a change in the qubit state if the quadrature value crossed a threshold set σ/2 away from the new state, where σ was one standard deviation away from the center of the peak corresponding to the new state obtained from the histogram shown in Fig. 3(b) . Otherwise, the qubit was declared to remain in its previous state. The estimated qubit state is shown in green (blue) for device A (B) in Fig. 3(c) .
A qubit subject to frequent measurements of its energy stochastically jumps between its energy eigenstates. We therefore do not expect the states of the qubits to be correlated and indeed do not observe any correlations between the qubit states [27] .The characteristic time scale over which a qubit changes its state is the T 1 of the qubit, which is determined by the relaxation channels coupled to the qubit. If the relaxation channels become coupled more strongly to the qubit or decrease in quality factor, the qubit will change its state more rapidly (i.e. its T 1 will decrease). Hence, to look for correlated relaxation channels, one should investigate the correlations between the times that the two qubits spend in either |g or |e . Using the qubit state evolutions shown in Fig. 3(c) , we extracted the total amount of time each qubit spends in a single state before a quantum jump occurs at each time step, which we denote as τ . The evolutions of τ for device A and device B are shown in Fig. 4(a) .
We examined the correlations present between τ A and τ B using the normalized covariance,
where τ A (t) (τ B (t)) is the time that device A (B) spends in each state at time t, τ A (τ B ) is the mean of each dataset, and δt is the separation in time between the data taken for device A and the data taken for device B.
The average for C is taken over 2000 datasets of 20.48 ms of continuous monitoring. In Fig. 4(b) , we also plot C for simuled qubits with correlated jump times at δt = 0 for different percentages of the total monitoring time. For correlated τ between device A and device B at time δt = 0, we expect the covariance to decay on a time scale of the order of the mean time that the qubits spend in a state during the correlated times, and the amplitude to depend on the percentage of the total monitoring time that τ A and τ B are correlated. Simple exponential fits to C are indicated by solid lines in Fig. 4(b) . The covariance of the measured devices corresponds to devices with correlated τ at δt = 0 for < 0.5% of the total monitoring time; the detection threshold of our experimental setup is 0.5%. We hence conclude that up to the detection efficiency of our experimental setup, the relaxation of the two devices is not correlated.
V. CONCLUSION
In conclusion, we have demonstrated simultaneous monitoring of fluxonium qubits using a low-loss waveguide. We used this architecture to investigate correlations between the relaxation times of the fluxonium qubits. We find no detectable correlations between their relaxation times. The detection efficiency could be improved by extending the lifetime of the fluxonium qubits, which may be achievable with a waveguide-based bandpass filter.
In this experiment we have investigated correlations between relaxation mechanisms; correlations between dephasing mechanisms in different qubits can also be examined with this architecture when used in conjunction with the recently-demonstrated protocol for quantum non-demolition readout of the transverse component of a qubit [28] . In such an experiment, correlations between the quantum jumps of the qubit measured in the σ x -basis would be indicative of correlated dephasing mechanisms. In addition, this experiment can easily be extended to larger numbers of qubits by using quantumlimited amplifiers with higher bandwidths such as the traveling-wave parametric amplifier [29, 30] or a tesselated three-wave mixing element [31] .
We have presented a general method for measuring correlations between the relaxation times of superconducting qubits. Our method can easily be incorporated into measurements made during quantum error correction. In future implementations of a quantum error correcting protocols, upon measurements of nonzero correlations, the experimentalist could change the applied errorcorrecting mechanism to target correlated errors and preserve the quantum information being processed.
